Extremely low vertical-emittance beam in the accelerator test facility at KEK by Kubo, K et al.
VOLUME 88, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 13 MAY 2002Extremely Low Vertical-Emittance Beam in the Accelerator Test Facility at KEK
K. Kubo,1,* M. Akemoto,1 S. Anderson,2 T. Aoki,3 S. Araki,1 K. L. F. Bane,2 P. Blum,2 J. Corlett,4 K. Dobashi,5
P. Emma,2 J. Frisch,2 M. Fukuda,5 Z. Guo,6 K. Hasegawa,7 H. Hayano,1 T. Higo,1 A. Higurashi,3 Y. Honda,8
T. Iimura,9 T. Imai,7 K. Jobe,2 S. Kamada,1 P. Karataev,5 S. Kashiwagi,3 E. Kim,10 T. Kobuki,3 T. Kotseroglou,2
Y. Kurihara,1 M. Kuriki,1 R. Kuroda,3 S. Kuroda,1 T. Lee,10 X. Luo,6 D. J. McCormick,2 B. McKee,2 T. Mimashi,1
M. Minty,11 T. Muto,5 Takashi Naito,1 G. Naumenko,12 J. Nelson,2 M. N. Nguyen,2 K. Oide,1 T. Okugi,1 T. Omori,1
T. Oshima,3 G. Pei,6 A. Potylitsyn,12 Q. Qin,6 T. Raubenheimer,2 M. Ross,2 H. Sakai,1 I. Sakai,5 F. Schmidt,13
T. Slaton,2 H. Smith,2 S. Smith,2 T. Smith,2 Toshikazu Suzuki,1 M. Takano,14 Seishi Takeda,1 N. Terunuma,1 N. Toge,1
J. Turner,2 J. Urakawa,1 V. Vogel,15 M. Woodley,2 J. Yocky,2 A. Young,2 and F. Zimmermann13
(ATF Collaboration)
1High Energy Accelerator Research Organization, Tsukuba 305-0801, Japan
2Stanford Linear Accelerator Center, Stanford, California 94025
3Waseda University, Tokyo 69-8555, Japan
4Lawrence Berkeley National Laboratory, Berkeley, California 94720
5Tokyo Metropolitan University, Tokyo 192-0397, Japan
6Institute of High Energy Physics, Beijing 100039, China
7Science University of Tokyo, Chiba 278-8510, Japan
8Kyoto University, Kyoto 606-8502, Japan
9Seikei University, Tokyo 180-8633, Japan
10Pohang Accelerator Laboratory, POSTECH, Pohang, 790-784 Korea
11Deutsches Elektronen-Synchrotron, 22603 Hamburg, Germany
12Tomsk Polytechnic University, 634050 Tomsk, Russia
13European Organization for Nuclear Research, Geneva 23, Switzerland
14Toho University, Chiba 274-8510, Japan
15Budker Institute of Nuclear Physics, 142284 Protvino, Russia
(Received 18 September 2001; published 30 April 2002)
Electron beams with the lowest, normalized transverse emittance recorded so far were produced and
confirmed in single-bunch-mode operation of the Accelerator Test Facility at KEK. We established
a tuning method of the damping ring which achieves a small vertical dispersion and small x-y orbit
coupling. The vertical emittance was less than 1% of the horizontal emittance. At the zero-intensity
limit, the vertical normalized emittance was less than 2.8 3 1028 rad m at beam energy 1.3 GeV. At
high intensity, strong effects of intrabeam scattering were observed, which had been expected in view of
the extremely high particle density due to the small transverse emittance.
DOI: 10.1103/PhysRevLett.88.194801 PACS numbers: 29.27.Fh, 29.27.Bd, 41.75.HtIntroduction.—The accelerator Test Facility (ATF) [1]
at KEK consists of an S-band linac, a damping ring, and
an extraction line [2]. The ring has been designed to
produce a beam of extremely low emittance. The natu-
ral, normalized horizontal emittance is 2.8 3 1026 rad m
and the target value of the vertical emittance is 1% of
that. These are comparable to the requirement of the lin-
ear collider designs (JLC/NLC [3]) and are the small-
est transverse emittances recorded so far among electron
accelerators [4]. The History and summary of past beam
operations were reviewed in Refs. [2,5,6]. This paper re-
ports on the production of the ultralow emittance electron
beams in single-bunch-mode operation of ATF. The beam
energy was 1.3 GeV, and the typical repetition rate was
1.56 Hz.
Low emittance tuning and measurement.—Our tuning
method of the damping ring for low vertical emit-194801-1 0031-90070288(19)194801(4)$20.00tance is a series of corrections: COD (closed orbit
distortion) correction, vertical COD 1 dispersion cor-
rection and coupling correction. The strengths of a
set of steering magnets are calculated to minimizeP
BPM y
2
meas 1 r
2
P
BPM h
2
y,meas in the vertical COD 1
dispersion correction. Here, ymeas and hy,meas are the
beam vertical position and vertical dispersion, measured
at each BPM (beam position monitor). The factor r is
the relative weight of the dispersion and COD, and it is
chosen to be 0.05 based on a simulation study. For the
coupling correction, trim coils of all 68 sextupole magnets
are wired so as to produce skew quadrupole fields. The
strengths of these skew fields is calculated to minimizeP
steer 
P
BPM Dysteer2
P
BPM Dxsteer2, where Dxsteer
and Dysteer are measured horizontal and vertical position
responses to each horizontal steering magnet. Usually,
two horizontal steering magnets, which are apart by© 2002 The American Physical Society 194801-1
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phase advances, are chosen for this correction.
Because the vertical emittance in a damping ring is pri-
marily determined by the vertical dispersion and the hori-
zontal-vertical coupling, it is essential to make the vertical
dispersion and the coupling small. After these corrections,
the rms of hy,meas becomes about 3 mm and the coupling,

P
BPM Dysteer2
P
BPM Dxsteer2, becomes about 0.004.
Simulations were performed to study this tuning
method, where realistic magnet misalignment and random
errors of BPM are considered [7]. From 500 different
seeds for the random errors, the average of the vertical
emittance was 5.8 3 10212 rad m, well below our target
(1.1 3 10211 rad m), and 91% of the random seeds gave
the emittance less than the target value. This should be re-
garded as the emittance at the zero intensity limit because
the simulation did not consider intrabeam scattering.
The beam size in the damping ring is measured using
two types of monitors. One is an interferometer with two
slits which allows us to observe interference patterns cre-
ated by the synchrotron radiation (SR) monitor [8]. The
other is a laser-wire (LW) monitor [9,10]. A thin horizon-
tal “wire” of light is created in an optical cavity. When the
electron beam hits the wire, gamma rays are produced via
Compton scattering and detected by a scintillation detec-
tor. The whole optical system is placed on a table, which
can be vertically moved, and the position of the table is
measured with a resolution better than 1 mm. The vertical
beam size is measured in a manner similar to conventional
wire scanners. The apparent vertical emittance is evalua-
ted as
ey,ap  s2yby , (1)
where sy is the vertical rms beam size and by is the
vertical beta function at the monitors.
In addition, the beam size is measured in the extraction
line using tungsten wire scanners [11]. There are 5 wire
scanners in the dispersion-free region of the extraction line,
and the emittance is calculated from the measured beam
sizes and the beam optics between the wire scanners.
For evaluation of the energy spread of the ex-
tracted beam, the horizontal beam size is measured
using a screen monitor in a high dispersion region
in the extraction line, and calculation is made as
sEE 
p
s2x 2 exbxhx  sxhx, where sx is the
horizontal beam size, ex is the emittance, bx is the
beta function, and hx is the dispersion at the moni-
tor. Since exbx is much smaller than hxsEE at the
monitor, the second term in the square root is ignored.
Horizontal emittance.—Figure 1 shows the horizontal
emittance measured using wire scanners as a function of
the beam intensity (number of electrons per bunch) on two
different days.
The lines in the figure are from a calculation, assum-
ing the emittance ratio eyex to be 0.004, 0.006, and
0.008. We used the computer program SAD [12] for the
calculation. The calculation of intrabeam scattering was
developed based on the Bjorken-Mtingwa formula [13,14].
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FIG. 1. Horizontal emittance vs bunch intensity measured in
the extraction line. The lines are from a calculation with intra-
beam scattering assuming the emittance ratios 0.004, 0.006, and
0.008.
Roughly speaking, the growth rate of emittance due to
intrabeam scattering is proportional to the average of
particle density. Measured intensity dependence of the
horizontal emittance is consistent with the calculation of
the intrabeam scattering. Extrapolating the data to the zero
intensity, it agrees with the calculated natural emittance,
1.1 3 1029 rad m or normalized 2.8 3 1026 rad m.
Vertical emittance.— Figure 2 summarizes the es-
timated vertical emittance as a function of the beam
intensity from measurements with SR (a circle symbol)
and LW (square symbols) monitors. The beta function
at the radiation source position of the SR monitor was
evaluated to be 2.4 m. To calculate the beta function at the
source position, we first measured the dependence of the
beam tunes on the strength of the nearby quadrupoles to
calculate the beta functions in these magnets. These beta
functions were then fit to calculate the beta function at
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FIG. 2. Vertical emittance vs bunch intensity measured using
three different types of beam size monitors. The lines are from
a calculation with intrabeam scattering assuming the emittance
ratios 0.004, 0.006, and 0.008.194801-2
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to be zero at the source position. In the case of the LW
monitor, data are shown for two conditions where slightly
different ring tunes were used. The beta function at the
laser-wire position was obtained, using the same method
as for the SR monitor. It was 5.77 m on 5 December and
3.97 m on 14 December of the year 2000. The vertical
dispersion at the LW monitor was measured to be less
than 2 mm using BPMs in the neighborhood, and was thus
ignored in the emittance calculation. The size of the laser
wire was estimated to be 7.26 6 0.22 mm [15]. The error
bars reflect the statistical error as well as the uncertainty
in both the laser-wire size and the beta function at the
monitor. Figure 2 also shows the vertical emittance
measured using wire scanners in the extraction line as
a function of the beam intensity on two different days.
The error bars were calculated only from fluctuations of
the beam size measurement and from the uncertainty in
the dispersion at each wire scanner. Other possible
systematic errors were not estimated.
There was a large variation in the measured vertical
emittance on different days and different monitors, sug-
gesting different conditions in the damping ring or in the
extraction line. For the laser wire and SR monitors, a pos-
sible beam oscillation would increase the apparent beam
size. The gate width of a camera at the SR monitor was
set to be 2 ms for sufficient light intensity. If the beam
oscillates within this gate width, the apparent beam size
can be affected. In the case of the laser wire, since posi-
tion scanning takes a much longer time, slower oscillation
or position drift of the beam can have a significant effect.
Fluctuation of the temperature of the cooling water of the
magnets is suspected to be the source of the slow drift. De-
fects on the first mirror of the SR monitor and mechanical
vibration of the monitors were also possible error sources.
For wire scanners in the extraction line, pulse-to-pulse
position jitter, which can be induced by possible beam os-
cillation in the ring and fluctuation of the extraction kicker
field, would enlarge the apparent beam size. Residual
dispersion in the extraction line is known to affect the ac-
curacy of the measurement. Also the unknown nonlinear
magnetic field at the beginning of the extraction line is sus-
pected to be a source of small x-y coupling which makes
the apparent vertical emittance large due to the small
vertical-horizontal emittance ratio. Note that a possible
fluctuation of the beam orbit in the damping ring causes
fluctuations of the orbit, the residual dispersion, the x-y
coupling in the extraction line, and then the measured
vertical emittance.
The lines in the figure are from a calculation with intra-
beam scattering, assuming the emittance ratios to be 0.004,
0.006, and 0.008. It should also be noted that calculated
values of the emittance shown here refer to the normal
mode emittance, which is defined as one of the indepen-
dent modes of transverse oscillation. On the other hand,
the apparent vertical emittance in the damping ring, ey,ap ,
is evaluated as Eq. (1). If coupling components are absent
194801-3in the extraction line, we measure the projected vertical
emittance which is a constant in the line,
ey,pr 
q
 y2	  y02	 1  yy0	2 , (2)
where y is the vertical position, y0 is the vertical angle of a
particle, and · · ·	 denotes the average of all particles. Be-
cause of residual orbit coupling in the damping ring, ey,ap
and ey,pr are not the same as the normal mode emittance.
Further analysis of the simulation, which was mentioned
earlier, showed that ey,ap in the damping ring and ey,pr in
the extraction line are expected to be larger, respectively,
by 1.3 and 1.6 times the normal mode emittance on av-
erage. The difference is important only for the vertical
emittance because the horizontal emittance is too large to
be affected by a small coupling.
Since these possible errors tend to make the ap-
parent emittance larger, the real vertical emittance is
likely to be smaller than the measured values. The
obtained data strongly suggest that the vertical emittance
was smaller than 1% of the horizontal emittance, i.e.,
1.1 3 10211 rad m, or 2.8 3 1028 rad m normalized.
Energy spread.—The measured energy spread is shown
in Fig. 3 as a function of the beam intensity. At zero
intensity limit, the energy spread is calculated to be 5.5 3
1024, which is consistent with the measured data.
The lines show calculation results with intrabeam scat-
tering using the SAD program, assuming the emittance ratio
eyex to be 0.004, 0.006, and 0.008. Since the effect of in-
trabeam scattering is large when the bunch density is high,
energy spread is expected to be large at high intensity with
small vertical emittance. This intensity dependence of en-
ergy spread indicates that the vertical emittance is smaller
than 1% of the horizontal emittance, which is our target.
Intrabeam scattering.—The effect of intrabeam scatter-
ing is clearly demonstrated by the intensity dependence
of the energy spread and the horizontal emittance. At
high intensity, strong effects of intrabeam scattering were
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FIG. 3. Energy spread vs intensity measured in the extraction
line. The lines are from a calculation of intrabeam scattering
assuming the emittance ratios 0.004, 0.006, and 0.008.194801-3
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FIG. 4. Energy spread vs store time in the damping ring at
different intensities. The lines are from a calculation assuming
an emittance ratio of 0.006.
expected because of the extremely high particle density
due to the small transverse emittance and the relatively low
beam energy. To confirm the strong impact of intrabeam
scattering, complementary measurements were performed.
Figure 4 shows the energy spread, measured in the ex-
traction line, as a function of storage time in the damp-
ing ring at different intensities. The horizontal emittance
was also measured as a function of the storage time. The
results show that the beam energy spread and the hori-
zontal emittance exhibit a minimum at the storage time
of about 70 ms, before reaching stable equilibrium values.
This behavior may be explained by the fact that the ratio
of the vertical equilibrium emittance to the injected emit-
tance is approximately 100 times smaller than the ratios
for the longitudinal and the horizontal, so vertical damping
continues for an additional two damping times. Also, the
vertical damping time (calculated to be 27 ms) is longer
than the longitudinal one (20 ms) and the horizontal one
(17 ms). At first, the longitudinal and horizontal sizes are
damped when the vertical size is still large. After a while
the vertical beam size shrinks, enhancing the beam den-
sity. Then intrabeam scattering blows up the longitudinal
and horizontal beam sizes. The lines in Fig. 4 are from
simulations based on calculations of SAD, assuming eyex
to be 0.006.
Considering that the theoretical calculation of the intra-
beam scattering has some ambiguities, more accurate ex-
perimental data of the intrabeam scattering are desirable
for a detailed comparison with calculations.
Conclusions.—We have confirmed that the horizontal
emittance and beam momentum spread agree well with
theoretical calculations. The vertical emittance was
smaller than 1% of the horizontal emittance. At the zero
intensity limit, the horizontal emittance and the vertical
emittance were 1.1 3 1029 rad m and less than 1.1 3
10211 rad m, respectively, which corresponds to normal-
ized emittances 2.8 3 1026 rad m and less than 2.8 3
1028 rad m at a beam energy of 1.3 GeV. These are the194801-4lowest normalized transverse emittances of electron beams
ever measured.
At high intensity, strong effects of intrabeam scattering
were observed. These effects were expected due to the
extremely high particle density caused by the small trans-
verse emittance and relatively low beam energy. The dra-
matic increase of energy spread and horizontal emittance
with intensity also indicated that the vertical emittance was
extremely small.
The authors thank Professor H. Sugawara, Professor
K. Takata, and Professor M. Kihara of KEK for continu-
ous support and encouragement. We also thank Profes-
sor E. Paterson and Professor D. Burke of SLAC and
K. Hubner of CERN for supporting the ATF project as
an international collaboration.
*Corresponding author.
[1] ATF is an international collaboration for future linear col-
liders. Lists of the contributed institutes and members are
available at http://atfweb/memberlist.html.
[2] KEK internal Report No. 2000-6, edited by H. Hayano
et al., 2000 (unpublished).
[3] KEK Report No. 2000-7; see also SLAC Report
No. R-559.
[4] Examples of ey in other electron storage rings: C. Steier
et al., in Proceedings of the 2001 Particle Accelerator
Conference, Chicago, 2001 (paper RPAH039) (to be
published); H. Tanaka et al., in Proceedings of the
Seventh European Particle Accelerator Conference,
Vienna, 2000 (paper MOP5A05) (Austrian Academy
of Sciences Press, Vienna, 2000); Particle Data Group,
http://pdg.lbl.gov/2001/collidersrpp.pdf
[5] J. Urakawa, in Proceedings of the Seventh European
Particle Accelerator Conference, Vienna, 2000 (Ref. [4]),
pp. 63– 67.
[6] K. Kubo, in Proceedings of the 18th International Confer-
ence On High Energy Accelerators, Tsukuba, 2001 (KEK,
Tsukuba, 2001).
[7] K. Kubo et al., in Proceedings of the Seventh European
Particle Accelerator Conference, Vienna, 2000 (Ref. [4]),
pp. 483–485.
[8] T. Naito et al., in Proceedings of the Particle Accelera-
tor Conference, New York, 1999, (IEEE, Piscataway, NJ,
1999), pp. 492–494.
[9] H. Sakai et al., Phys. Rev. ST Accel. Beams 4, 022801
(2001).
[10] H. Sakai et al. (to be published), KEK Report No. 2002-5;
see also Report No. KUNS-1778.
[11] H. Hayano et al., in Proceedings of the XX International
Linac Conference, Monterey, 2000 (SLAC, Stanford, CA,
2000).
[12] SAD is a computer program for accelerator design.
http://acc-physics.kek.jp/SAD/sad.html
[13] J. D. Bjorken and S. K. Mtingwa, Part. Accel. 13, 115
(1983).
[14] K. Kubo and K. Oide, Phys. Rev. ST Accel. Beams 4,
124401 (2001).
[15] H. Sakai et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 455, 113 (2000).194801-4
